Refractive index profile of the core is a key design parameter in fiber lasers and amplifiers. During manufacturing, the initial information of the index profile is obtained from the preform, while ultimately the performance is defined by the index profile of the fiber. Depending on stresses and diffusion, the two profiles may be different. It is possible to predict more accurately the laser fiber refractive index when we apply a stress-induced index change model to the measured preform index profile data. The improved capability to predict the fiber index from preform increases the confidence in achieving the designed index profile in fiber, which enables faster process feedback and higher fiber yields.
Introduction
The refractive index difference values of active fibers and preforms are determined by the core composition but also influenced by the stress-induced index changes in the preforms and fibers. A refractive index value, measured from a preform, can change during the process steps that follow the preform manufacturing caused by changes in the residual stresses in the glass [1] .
Repeatable preform manufacturing processes, such as direct nanoparticle deposition (DND) [2] - [4] , allows analysing slight changes in the refractive index profiles. Better understanding of the stress-induced index changes helps to design high power large mode area (LMA) fibers that require accurate index profiles. To estimate stresses in glass materials, we need to know the transition temperatures, material composition, thermal expansion coefficients, preform and fiber dimensions, elastic modulus and viscosity of the doped and undoped glass.
In this article, we will present a simplified model to estimate the stresses and refractive index changes in the laser fibers and preforms. We apply thermal expansion coefficients, elastic modulus and viscosity as material parameters in the model. For doped silica, we calculate the material parameter values by linearly mixing the parameter values of pure dopant materials and silica. These doped material parameter values are applied to calculate the stresses. The stress-optical model is then used to predict the refractive index changes [1] . Fig. 1 . Modelling steps for predicting stress-induced refractive index changes. Here α i is the thermal expansion coefficient value, E i the elastic modulus value, T temperature change and T g glass transition temperature. Diameters refer to the core and cladding diameters.
The stress-induced index change model allows estimating the refractive index changes when the glass composition and dimensions are varied. The model gives us a physical insight into the index change phenomenon and removes the limits set by the measurement data in statistical models [5] .
Need for a Physical Model
We have earlier studied statistical correlations of the refractive index changes between the preform and fiber index values [5] . A linear model was created that predicts the index changes using statistical correlations between process parameters and measured refractive index changes. Statistical models are valid only in the range of available measurement data. Each fiber type needs its own set of modelling parameter values, and the statistical models have no direct physical basis. Thus, they have limited applicability in new fiber designs.
We will first build a model that estimates the stress-induced refractive index changes in preforms. It is based on dopant materials, glass composition, preform geometry and glass transition temperatures. For the fiber stresses, a similar model combined with drawing tension and viscosities is used. The preform and fiber stress models are used together to predict the index change between the preform and fiber measurements. The combination of the models will give us a physical insight of the index change phenomenon. The combined model can be used also for new fiber designs.
Modelling Steps and Material Parameters
The modelling steps for the thermally induced refractive index changes are shown in Fig. 1 . The first task is to find out the correct material parameter values for the pure amorphous glass materials that are used to dope the silica. Knowing the material parameter values, we can calculate the thermal stresses in the glass. When the stress values are known, we can apply the stress-optical theory and calculate the stress-induced index change in the glass.
Average Thermal Expansion Coefficient and Elastic Modulus Values of Pure Oxides
Thermal expansion coefficient (TEC) values (α i ) and elastic modulus values (E i ) of doped silica glass (i) depend on temperature and dopant concentrations. The values of thermal expansion coefficients of pure amorphous oxides as a function of temperature can be found e.g., in references [6] - [13] . If we know the thermal expansion coefficient values (α i ) of the oxides, the TEC values of doped SiO 2 glass can be calculated by linear mixing of the coefficients values of pure oxides [14] . One must be aware that a simple linear additivity model is not valid for all material combinations [15] . In some cases, more complicated models are needed for combining material parameters. According to the ref. There is a discontinuity in the refractive index and thermal expansion in dependence on the dopant concentration at a molar ratio of one.
We will apply temperature averaged, i.e., effective values of the thermal expansion and elastic modulus values of pure oxides instead of temperature-dependent values. This will simplify our stress models. The effective values α i and E i of the α i (T) and E i (T) are calculated between the room temperature T 0 and glass transition temperature T g using Eq. (1):
dT and E i =
The glass transition temperature T g of the doped core is selected as the highest temperature in the averaging because the core behaves inelastically at higher temperatures. Stresses start to create during cooling when the core starts to behave elastically. In this study, the average TEC and elastic modulus values were calculated between 23°C and 1150°C for different glass materials using the data given in references [6] - [19] . The calculated effective values are: Slightly different effective values for α and E will be calculated if other data sources than those referred here, are used.
In principle, one can calculate the glass transition temperature of the core (T gco ) separately for each core material composition, but in practice the T gco values do not vary much at typical dopant levels, and in this work, we have assumed a value of T gco = 1150°C for all core material compositions.
Thermal Expansion Coefficient of Doped Silica Glass
A TEC value (α mix ) of the doped silica glass is a combination of the effective TEC values α i of the pure oxides. The TEC value of the doped glass is calculated using the concentrations of the glass component materials in vol% [14] . The thermal expansion coefficient α mix of the doped SiO 2 glass is calculated as:
where α mix = TEC of doped silica glass c i = material dependent coefficient, e.g., c Si = c Yb = 1; c Al = 2 as given by Cavillon in [14] :
x i = concentration of a pure glass material i (in vol%) α i = effective TEC of a pure glass oxide i (dopant or silica), defined in Eq. (1).
The coefficients for the materials Yb 2 O 3 , Al 2 O 3 and SiO 2 are given, because they are commonly used in Yb-doped laser fibers. A list of the c-parameters for some other fiber materials can be found in the reference [14] (by Cavillon et. al.).
Elastic Modulus of Doped Silica Glass
The solid material will deform when a load is applied to it. If the material returns to its original shape after the load is removed, the phenomenon is called elastic deformation. Elastic modulus, also known as Young's modulus, is a measure of the stiffness of the solid material. Elastic modulus depends on temperature and defines the relationship between stress and strain in a material.
Similarly, as we did with the TEC values, we can calculate the elastic modulus value E mix of doped silica glass by mixing the effective E i coefficients (Eq. (1)) of the pure glass materials:
where E mix = elastic modulus of doped silica glass x i = concentration of a pure glass oxide i (in mol%) E i = effective elastic modulus of a pure glass oxide i (dopant or silica), defined in Eq. (1).
Elastic modulus values of the pure oxides can be found e.g., in ref. [16] , [17] as a function of temperature.
Thermal Stress Model for Preforms and Fibers
Tension and stress can be caused by external forces, varying thermal expansion coefficient and elastic modulus values in the glass, and spatially varying temperature. Thermal stresses depend only on the material composition, glass geometry and temperatures.
Assumptions in the Thermal Stress Models
We will assume the cylindrical symmetry of the glass, radially constant doping profiles in the core, and low diffusion of dopant materials [20] during the process steps that follow the refractive index measurement of the preform. Also, only the index changes due to the radial stress affecting the LP 01 mode are considered. For the higher order modes, the model would be more complicated, and we will not study it here.
Dopants change the thermal expansion coefficient and elastic modulus values of the SiO 2 glass. When the preform or fiber is heated and cooled, differently doped areas induce stresses in the glass structure.
Axial and Radial Thermal Stresses
The radial average (α ave ) of the effective thermal expansion coefficient α(r), over the whole corecladding area, can be calculated as [1] , [21] :
If we insert the effective thermal expansion coefficient α(r ) = α co , when r ≤ r co α cl , when r > r co in Eq. (4), this will yield:
The values of the thermal expansion coefficients in the core α co and cladding α cl in Eq. (5) are: α co = α mix and α cl = α SiO2 . Using the radially averaged value α ave in Eq. (5) as the TEC reference level, the axial thermal stress σ z (r) can be calculated in a preform and in a fiber [1] , [22] , [23] with:
In Eq. (4-6), the symbols are: T = T g -T 0 , temperature change, α(r) = effective thermal expansion coefficient, E(r) = effective elastic modulus value, r = radial coordinate, r co = radius of the core in a preform or fiber, r cl = radius of the cladding in a preform or fiber, ν = Poisson's ratio of SiO 2 (averaged from T 0 to T g ), α ave = radial average of the TEC, σ z = axial stress.
The value of the Poisson ratio ν is expected to vary only a little as a function of the dopant concentrations, thus the thermally averaged value of SiO 2 is used for doped glass. The α(r), E(r) and ν are the temperature averaged values and thus do not anymore depend on the temperature in Eq. (6) .
We are interested in the changes in the radial stress σ r (r), because it changes the refractive index of the radially vibrating electrical field of the LP 01 mode [10] . Radial stress σ r (r) at the position r is related to the axial stress σ z (r) by [1] , [23] :
Tangential thermal stress σ θ (r) is related to the axial and radial stresses by [1] , [24] :
The approximation that the TEC is constant in the core area, (α(r) = α co ), implies via Eq. (6) that also the radial stress σ z is constant in the core. Inserting the constant σ z from Eq. (6) into Eq. (7) and integrating over the core radius in Eq. (7) gives us the average radial thermal stress σ rco in the preform or fiber core:
Thus, the radial thermal stress in the preform or fiber core is:
where T = T g -T 0 is the temperature change, r co = preform or fiber core radius, r cl = preform or fiber cladding radius, α co = TEC of the core material, E co = elastic modulus of the core material, α cl = TEC of the cladding material.
Thermal Stress-Induced Index Changes

Tensile and Compressive Stresses Change the Refractive Index
If the external force applied to a glass material stretches (elongates) the material, then the related stress is called tension. Tension has positive values. Tensile stress decreases the refractive index of the glass, so the induced n change is negative.
If the external force is compressive, the result is called stress, and it has negative values. Compressive stress increases the refractive index of the glass, so the induced n change is positive. However, it is good to notice that the word stress is also used in a general meaning covering both tensile and compressive stresses (like in the main title of this article).
Stress-Optical Theory for Refractive Index Changes
The index change caused by stresses is calculated using the stress-optical theory. It applies the stress-optic coefficients C 1 and C 2 with the values C 1 = 6.510 −7 MPa −1 and C 2 = 4.210 −6 MPa −1 for SiO 2 glass [10] . By using the same values of C 1 and C 2 also for the doped glass, we can calculate the three components of the stress-induced index change in the preform and in the fiber core [1] :
where n = refractive index of unstressed glass, n r = radial refractive index, n θ = tangential refractive index, n z = axial refractive index, σ r = radial stress component, σ θ = tangential stress component, σ z = axial stress component.
Inserting the tangential stress component σ θ from Eq. (8) into Eq. (10) gives:
We will approximate the axial stress σ z (r) in the core area with the radially averaged value σ z (r) = σ z . Then, inserting this constant σ z into Eq. (7) and integrating over the radius gives us the radial stress value σ r (r) in the core:
We can now calculate the radial index change n r as a function of radial or axial stresses. Inserting σ r from Eq. (14) into Eq. (13) gives the radial index change in the core as a function of the axial stress [25] :
Similarly, inserting the axial stress component σ z from Eq. (14) into (15) will give the radial index change as a function of radial stress as:
In the core area, the radial stress-induced average index change n co is:
Inserting the values of the stress-optic constants C 1 = 6.510 −7 MPa −1 and C 2 = 4.210 −6 MPa −1 into (17) gives: n co = −13.25 · 10 −6 MPa −1 × σ rco and using Eq. (9) for the stress σ rco in the core, we will have:
In Eq. (18), we will replace the α co with the mixed thermal expansion coefficient α mix from Eq. (2) and the E co with the mixed elastic modulus E mix from Eq. (3). Then we will have the thermal stressinduced n-change in the core as a function of the material parameters, core radius, cladding radius and temperature change:
where the parameters are defined similarly as in Eq. (6) and (9) . Equation (19) is our simplified model for the thermal stress-induced index change in a preform and in a fiber when we neglect the radial thermal distribution and cooling rate effects.
Next, we will add the draw induced mechanical stresses in the fiber model.
Stress-Induced Index Changes in Laser Fibers
Stresses in the optical fibers depend on dopant materials, fiber geometry, drawing tension, viscosities and temperature change T. The modelled or the measured fiber stress values can be used as an input in the fiber refractive index change model. The measured stress values can be used for analysing index changes in existing fibers, and the modelled stress values are needed for predicting index changes in the new fiber designs. The combined stress in a fiber consists of thermal stresses and mechanical stresses. The thermal stresses in the fibers are calculated in a similar way as in the preforms, Eq. (9), if we exclude the fiber cooling rate effects.
The drawing induced radial mechanical stress σ rm in the fiber core depends on the fiber drawing tension σ zdr , and on the core and cladding viscosities η co and η cl [21] , [22] , [26] . If the ratio of the viscosities η co /η cl << 1 and the elastic modulus values in the core and cladding are approximately equal (E co E cl ,) then the radial mechanical stress caused by different viscosities in the core and cladding can be approximated from the equations given in the ref. [21] by:
The coefficient −½ (in the Eq. 20) comes from the Eq. (14) . The η co and η cl are the viscosities of the core and cladding at the set point temperature of the undoped quartz. If the viscosity ratio η co /η cl is not << 1, then the complete equations in the ref. [21] need to be used. When the glass composition is known, the viscosities η co and η cl can be calculated with the viscosity models presented in the references [27] , [28] .
Combining the thermal stress σ rco in Eq. (9) and the mechanical stress σ rm in Eq. (20) , the radial stress σ fr in the fiber core is given by:
where σ fr = residual axial stress in the fiber, σ zdr = drawing tension, r fco = radius of the fiber core, r fcl = radius of the fiber cladding.
When we know the combined radial stress in the fiber σ fr in Eq. (21), we can calculate the stress-induced radial index change n fr using Eq. (16) . From Eq. (16) we have n fr = −13.2510 −6 × MPa −1 σ fr and thus the stress-induced radial index change in the fiber core is:
Index Change Between a Preform and Fiber
Stress-induced radial index change n SI between a preform and fiber core is the difference of the stress-induced index change in the fiber core n fr and in the preform core n pco . The values are calculated using Eq. (22) and (19) . The stress-induced index change between the two index profile measurements is then:
Combining Eq. (19) and (22) the index change n SI between the preform and fiber is:
where r pco = radius of the preform core, r pcl = radius of the preform cladding.
If the core-cladding ratio is equal in the preform and fiber measurements, then only drawing induced stresses will change the n. Figure 2 shows an example of a refractive index profile of a Yb-doped preform manufactured using DND technology, and a profile of a fiber drawn from the same preform. The preform index profile is measured using PK 2600 system and the fiber index profile using IFA-100 Fiber Refractive Index Profiler. Both index profiles are normalized in the radial direction.
Results and Discussion
The average index difference ( n) values, first measured from the preforms and then measured from the fibers drawn from the same preforms, are compared in Fig. 3 (a) and 3(b). Fig. 3(a) shows the original correlation between the index difference measurements of preforms and fibers. Fig. 3(b) shows the improved correlation when the modelled stress-induced index changes in the preforms and fibers are used to predict the change in the n values. When the modelled stress-induced index change values were combined with the measured preform index values, the correlation R 2 was improved from 82.7% (between the measured preform n p and measured fiber n f ) to 97.5% (between the predicted fiber n fp and measured fiber n fm ).
The preform index profiles were measured with PK 2600 preform index profiler. The drawn fibers were measured for their refractive index profiles using IFA-100 fiber refractive index profiler. According to the measurement instrument manufacturers, the repeatability of the (PK 2600) preform index profile value is < 5 * 10 −5 , and refractive index accuracy of the (IFA-100) fiber index profiler is ±1 * 10 −4 . The measured stress induced index changes are usually in the range of (0 . . . 5) * 10 −4 . The accuracy of the fiber index profiler is more limiting than the repeatability of the preform index profiler. Both systems are well calibrated, and they can detect the average index changes.
Instead of using full radial index profiles we compared radially and axially averaged refractive index difference values to make the analysis simpler. For the analysis we chose step-index type profiles; they are radially flat when manufactured with the DND-process.
Conclusions
Core n is one of the key factors determining a laser fiber performance (e.g., beam quality and mode field diameter). The smaller the standard deviation of the n distribution, the better the fibers can be matched and spliced with low losses.
In fiber manufacturing, the preform index profile is measured at the beginning, and the fiber index profile at the end of the production process. It is possible to predict the fiber n more accurately when we apply stress-induced index change model together with the measured preform n data. The improved fiber n estimates enable to fine-tune the preform and fiber manufacturing processes so that the n values of the drawn fibers will be close to the designed values.
A statistical model, presented in [5] , can be applied reliably in the value space that was used to create the model, i.e., in a range where some measured data points exist. Stress-induced index change is based on a physical model that is not limited by existing measurement values [29] . The challenge of the stress-induced index change model is that the needed material parameter values are functions of the temperature and in some cases depend nonlinearly on the concentrations. The published data of the material parameter values at high temperatures (> 500C) is limited. Therefore, some estimations were needed in the high-temperature range. The improved correlations support the validity of the applied material parameter values and assumptions used in this model.
